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Ex  Vivo  Activity  of  Endoperoxide  Antimalarials,  Including  Artemisone 
and  Arterolane,  against  Multidrug-Resistant  Plasmodium  falciparum 
Isolates  from  Cambodia 

Charlotte  A.  Lanteri,^  Suwanna  Chaorattanakawee,®  Chanthap  Lon,®  David  L.  Saunders,®  Wiriya  Rutvisuttinunt,®  Kritsanai  Yingyuen,® 
Ian  Bathurst,‘’t  Xavier  C.  Ding,**  Stuart  D.  Tyner®* 

Department  of  Immunology  and  Medicine,  Armed  Forces  Research  Institute  of  Medical  Sciences,  Bangkok,  Thailand";  Medicines  for  Malaria  Venture,  Geneva,  Switzerland'’ 

Novel  synthetic  endoperoxides  are  being  evaluated  as  new  components  of  artemisinin  combination  therapies  (ACTs)  to  treat 
artemisinin-resistant  Plasmodium  falciparum  malaria.  We  conducted  blinded  ex  vivo  activity  testing  of  fully  synthetic  (OZ78 
and  OZ277)  and  semisynthetic  (artemisone,  artemiside,  artesunate,  and  dihydroartemisinin)  endoperoxides  in  the  histidine-rich 
protein  2  enzyme-linked  immunosorbent  assay  against  200  P.  falciparum  isolates  from  areas  of  artemisinin-resistant  malaria  in 
western  and  northern  Cambodia  in  2009  and  2010.  The  order  of  potency  and  geometric  mean  (GM)  50%  inhibitory  concentra¬ 
tions  (ICgos)  were  as  follows:  artemisone  (2.40  nM)  >  artesunate  (8.49  nM)  >  dihydroartemisinin  (11.26  nM)  >  artemiside 
(15.28  nM)  >  OZ277  (31.25  nM)  >  OZ78  (755.27  nM).  Ex  vivo  activities  of  test  endoperoxides  positively  correlated  with  dihy¬ 
droartemisinin  and  artesunate.  The  isolates  were  over  2-fold  less  susceptible  to  dihydroartemisinin  than  the  artemisinin-sensi¬ 
tive  P.  falciparum  W2  clone  and  showed  sensitivity  comparable  to  those  with  test  endoperoxides  and  artesunate,  with  isolate/W2 
IC50  susceptibility  ratios  of  <  2.0.  All  isolates  had  P.  falciparum  chloroquine  resistance  transporter  mutations,  with  negative  cor¬ 
relations  in  sensitivity  to  endoperoxides  and  chloroquine.  The  activities  of  endoperoxides  (artesunate,  dihydroartemisinin, 
OZ277,  and  artemisone)  significantly  correlated  with  that  of  the  ACT  partner  drug,  mefloquine.  Isolates  had  mutations  associ¬ 
ated  with  clinical  resistance  to  mefloquine,  with  35%  prevalence  of  P.  falciparum  multidrug  resistance  gene  1  (pfmdrl )  amphfi- 
cation  and  84.5%  occurrence  of  the  pfmdrl  Y184F  mutation.  GM  IC50S  for  mefloquine,  lumefantrine,  and  endoperoxides  (artesu¬ 
nate,  dihydroartemisinin,  OZ277,  OZ78,  and  artemisone)  correlated  with  pfmdrl  copy  number.  Given  that  current  ACTs  are 
failing  potentially  from  reduced  sensitivity  to  artemisinins  and  partner  drugs,  newly  identified  mutations  associated  with  arte¬ 
misinin  resistance  reported  in  the  literature  and  pfmdrl  mutations  should  be  examined  for  their  combined  contributions  to 
emerging  ACT  resistance. 


New  antimalarial  drugs  are  urgently  needed  to  address  the  ma¬ 
jor  global  public  health  problem  of  malaria.  Despite  contain¬ 
ment  and  control  measures,  malaria  caused  by  Plasmodium  falcip¬ 
arum  affects  hundreds  of  millions  of  people  and  kills  nearly  1 
million  each  year  (1).  In  the  absence  of  a  vaccine,  drugs  are  a 
mainstay  to  treat  and  prevent  malaria.  Artemisinin  and  associated 
derivatives,  isolated  from  the  plant  Artemisia  annua  and  discov¬ 
ered  through  Chinese  traditional  medicine,  are  highly  effective 
antimalarials  that  are  distinguished  as  having  the  most  rapid  ac¬ 
tivity  against  P.  falciparum  parasites  of  aU  currently  applied  drugs. 
The  unique  endoperoxide  bridge  of  the  artemisinin  chemical 
structure  (Fig.  1)  is  believed  to  be  responsible  for  the  observed 
potent  antimalarial  activity  (2,  3).  Despite  having  a  rapid  mecha¬ 
nism  of  action,  artemisinin  resistance  eventually  emerged  and  was 
first  detected  after  approximately  35  years  of  monotherapy  use  in 
patients  from  Thailand  and  Cambodia  border  regions  (4). 
Through  a  clinical  study  of  artesunate  (AS)  monotherapy  efficacy 
in  falciparum  malaria  patients  from  western  Cambodia  in  2006 
and  2007,  we  were  the  first  research  group  to  identify  clinical  evi¬ 
dence  of  artemisinin  resistance  in  treatment  failure  cases,  mani¬ 
fested  as  significant  delays  in  the  time  required  to  clear  parasites 
from  the  blood  relative  to  that  for  cured  patients  (5,  6).  Subse¬ 
quently,  additional  reports  of  prolonged  parasite  clearance  times 
with  artesunate  monotherapy  emerged  at  Mae  Sot  in  western 
Thailand  on  the  border  with  Myanmar  (7,  8)  and  at  Pursat  in 
western  Cambodia  (9),  suggesting  that  artemisinin  resistance  was 
spreading  throughout  the  Greater  Mekong  region. 


In  response  to  this  emerging  public  health  crisis,  national  ma¬ 
laria  control  programs  implemented  replacement  of  artemisinin 
monotherapy  with  artemisinin-based  combination  therapies 
(ACTs)  comprising  a  fast-acting  artemisinin-based  drug  paired 
with  a  slower-acting  drug  of  another  chemical  class  with  a  longer 
in  vivo  half-life.  However,  the  current  first-line  ACTs  used  in  Thai¬ 
land  and  Cambodia  are  failing,  as  reported  for  artesunate-meflo- 
quine  (MQ)  at  the  Thailand-Myanmar  border  (10)  and  dihydro¬ 
artemisinin  (DHA)-piperaquine  in  western  Cambodia  (11). 
Moreover,  in  a  recent  trial  investigating  the  efficacy  of  a  3 -day 
dosing  regimen  of  the  current  first-line  ACT  in  Cambodia  (dihy- 
droartemisinin-piperaquine)  in  falciparum  malaria  patients  from 
northern  provinces,  we  observed  a  dramatic  rise  in  treatment  fail¬ 
ures,  as  indicated  by  the  first  50  enrolled  volunteers  having  a 
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FIG  1  Chemical  structures  of  antimalarial  endoperoxides  evaluated  for  activity  against  P.  falciparum  isolates  in  Cambodia. 


higher  failure  rate  than  in  our  study  conducted  at  the  same  site 
only  3  years  earlier  (42-day-per-protocol  efficacy  of  90%  in  2010 
versus  64%  in  2013)  (12,  13).  The  alarming  rise  in  ACT  failures 
can  he  attributed  to  emerging  parasite  resistance  to  artemisinins, 
the  partner  drug,  or  both  components.  Thus,  ex  vivo  drug  suscep¬ 
tibility  testing  of  isolates  from  regions  of  ACT  resistance  emer¬ 
gence,  such  as  the  Cambodia-Thailand  border,  can  serve  as  an 
important  drug  development  tool  in  evaluating  the  effectiveness 
of  new  candidates  in  replacing  failing  regimens. 

In  the  present  study,  we  evaluated  a  set  of  blinded  test  compounds 
from  the  Medicines  for  Malaria  Venture  (MMV)  for  ex  vivo  activity  in 
the  histidine-rich  protein  2  enzyme-linked  immunosorbent  assay 
(HRP-2  ELISA)  against  200  fresh  P.  falciparum  clinical  isolates  from 
patients  in  western  and  northern  Cambodia  in  2009  and  2010.  The 
blinded  test  compounds  were  evaluated  for  potential  cross-sus¬ 
ceptibility  to  6  standard  drugs  (dihydroartemisinin  [DHA],  arte¬ 
sunate  [AS],chloroquine  [CQ], quinine  [QN], mefloquine  [MQ], 
and  lumefan trine  [LUM] )  evaluated  in  parallel.  After  data  analysis 
was  complete,  the  test  compounds  were  unblinded  as  endoperox- 
ide  derivatives  of  two  types:  (i)  fully  synthetic  ozonide  endoper¬ 
oxides  (OZ78  and  OZ277)  and  (ii)  semisynthetic  endoperoxides 
(artemisone,  artemiside,  AS,  and  DHA).  Because  P.  falciparum 
multidrug  resistance  gene  1  {pfmdrl )  amplification  is  associated 
with  cases  of  treatment  failures  in  patients  administered  MQ  or 
AS-MQ  (14,  15)  and  there  is  in  vitro  evidence  of  pfmdrl  amplifi¬ 
cation  resulting  in  artemisinin  resistance  (16, 17),  we  investigated 
correlations  between  pfmdrl  amplification  and  50%  inhibitory 
concentration  (IC50)  results  to  assess  the  possibility  of  the  tested 
endoperoxides  being  susceptible  to  a  p/mdri -driven  mechanism 
of  resistance.  This  study  represents  the  first-ever  investigation  into 
the  ex  vivo  activity  of  synthetic  endoperoxides  undergoing  clinical 
development  as  components  of  new  combination  therapies  (18- 
20)  against  isolates  from  Southeast  Asia  in  a  region  of  known 
artemisinin  resistance. 

MATERIALS  AND  METHODS 

Compounds.  Dried  drug-coated  plates  were  prepared  at  the  Armed 
Forces  Research  Institute  of  Medical  Sciences  (AFRIMS)  laboratory  in 
Bangkok  as  previously  described  (21).  Standard  malaria  drugs  included  in 
the  routine  test  panel  were  provided  by  the  Walter  Reed  Army  Institute  of 
Research  (WRAIR)  (Stiver  Spring,  MD,  USA).  Stock  solutions  (1  mg/ml) 


were  prepared  in  70%  ethanol  (EtOH)  for  DHA,  AS,  CQ,  MQ,  and  QN 
and  in  a  100%  ethanol-linoleic  acid-Tween  80  (1:1:1)  solution  for  LUM 
and  were  subsequently  serially  diluted  to  appropriate  working  concentra¬ 
tions  in  sterile  distilled  water.  A  range  of  3-fold  serial  drug  dilutions  was 
dispensed  in  duplicate  on  standard  96-well  microculture  plates.  The  top 
row  of  each  plate  was  reserved  as  a  drug-free  control  to  monitor  growth  of 
parasites  in  the  absence  of  drug.  The  plates  were  dried  overnight  in  a 
running  biosafety  cabinet  and  stored  at  4“C  until  ready  for  use.  Blinded 
test  compounds  and  instructions  for  preparing  stock  and  working  solu¬ 
tions  were  provided  by  the  Medicines  for  Malaria  Venture  (MMV),  Ge¬ 
neva,  Switzerland.  At  the  conclusion  of  the  study  and  after  data  analysis 
was  complete,  MMV  identified  the  blinded  compounds  as  OZ78,  OZ277, 
artemisone,  artemiside,  AS,  and  DHA.  Stock  solutions  (10  mg/ml)  of  test 
compounds  were  prepared  in  dimethyl  sulfoxide  (DMSO),  and  working 
solutions  were  subsequently  made  using  three  stepwise  dilutions,  i.e.,  two 
dilutions  in  70%  EtOH  followed  by  a  dilution  in  sterile  distilled  water, 
prior  to  applying  to  plates.  This  final  working  solution  was  used  to  prepare 
10-fold  serial  dilutions  in  distilled  water  on  plates  to  reach  final  concen¬ 
trations  in  the  range  of  0.02  to  20,000  ng/ml  for  OZ78  and  QZ277, 0.0002 
to  200  ng/ml  for  artemisone,  and  0.002  to  2,000  ng/ml  for  artemiside,  AS, 
and  DHA.  Plates  were  dried  overnight  and  stored  at  4°C  until  ready  for 
use.  Quality  control  for  dried  drug  plate  integrity  was  conducted  by  eval¬ 
uating  the  activity  of  the  P.  falciparum  reference  clone  W2,  which  is  resis¬ 
tant  to  CQ  but  susceptible  to  MQ  and  the  artemisinins,  before  and  after 
study  conclusion  to  determine  if  transport  and  storage  conditions  in  the 
field  affect  assay  results  (22).  DHA  was  plated  in  duplicate  on  each  plate 
containing  dried  blinded  test  compounds  as  a  further  internal  plate  qual¬ 
ity  control. 

Clinical  study  sites  and  volunteers.  The  fresh  P.  falciparum  clinical 
isolates  used  to  evaluate  the  ex  vivo  activities  of  the  blinded  test  com¬ 
pounds  and  standard  malaria  drug  panel  were  obtained  from  two  differ¬ 
ent  human  use  protocols  approved  by  the  WRAIR  Institutional  Review 
Board  and  the  Cambodian  National  Ethics  Committee  for  Health  Re¬ 
search  (NECHR).  Both  protocols  complied  with  International  Confer¬ 
ence  on  Harmonization  Good  Clinical  Practice  (ICH-GCP)  guidelines.  A 
portion  of  the  isolates  included  in  this  investigation  (n  =  72)  were  col¬ 
lected  in  2009  from  a  randomized,  open-label  comparison  of  3  regimens 
of  AS  monotherapy  administered  as  a  single  oral  dose  of  2,  4,  or  6  mg/kg/ 
day  for  7  days  in  otherwise  healthy  adult  patients  with  acute  falciparum 
malaria  under  protocol  number  WRAIR  1396  (23).  Isolates  from  this  trial 
were  collected  at  the  Tasanh  Health  Center,  located  in  Battambang  Prov¬ 
ince  in  western  Cambodia,  near  the  Thailand  border  and  directly  south  of 
Pailin.  A  total  of  166  isolates  were  also  collected  in  2009  and  2010  through 
the  AFRIMS  malaria  drug  resistance  surveillance  protocol  in  Cambodia 
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under  protocol  number  WRAIR  1576  (21),  with  a  study  population  of 
individuals  >13  years  old  living  in  areas  with  relatively  high  incidence 
rates  of  malaria  in  northern  and  western  Cambodia.  Individuals  who  gave 
a  history  of  antimalarial  drug  use  within  the  previous  7  days  or  who 
showed  symptoms  of  severe  or  complicated  malaria  were  excluded  from 
participation. 

Ex  vivo  drug  susceptibility  assay.  After  obtaining  informed  consent 
from  clinical  study  volunteers,  venous  blood  was  collected  in  sodium 
heparin  tubes  from  malaria  patients  who  were  confirmed  by  microscopy 
to  have  P.  falciparum  monoinfection  for  ex  vivo  drug  sensitivity  testing. 
Within  6  h  after  phlebotomy,  fresh  isolates  (without  culture  adaptation) 
were  added  to  96-well  dried  drug-coated  plates  and  evaluated  using  the 
HRP-2  ELISA,  as  previously  described  (21,  24,  25).  Prior  to  transfer  to 
dried  drug-coated  plates,  samples  with  a  parasitemia  of  <0.5%  were  ad¬ 
justed  to  1.5%  hematocrit  in  0.5%  Albumax  RPMl,  whereas  those  with 
>0.5%  parasitemia  were  diluted  to  the  plate  parasitemia  range  of  0.2  to 
0.5%  and  adjusted  to  a  1.5%  hematocrit  by  adding  50%  hematocrit  hu¬ 
man  0+  red  blood  cells  in  10%  serum-RPMl  1640.  Parasites  were  then 
incubated  for  72  h  at  37°C  in  a  candle  jar,  after  which  plates  were  frozen 
and  later  thawed  for  analysis  of  parasite  growth  inhibition  using  the 
HRP-2  ELISA.  ELISA  plate  reader  optical  density  (OD)  values  translate  to 
the  HRP-2  concentration  of  the  samples  and  thus  serve  as  indicators  of 
parasite  growth  in  the  presence  and  absence  of  test  compound.  Samples 
were  excluded  from  data  analysis  if  an  OD  ratio  of  <1.7  was  obtained 
when  comparing  the  average  OD  for  the  no-drug  test  wells  (basal  growth 
control)  to  the  OD  for  the  well  containing  the  maximum  tested  drug 
concentration. 

Molecular  markers  of  malaria  drug  resistance.  From  each  consented 
study  volunteer,  blood  samples  in  EDTA  were  drawn  to  conduct  molec¬ 
ular  analyses  of  malaria  drug  resistance.  P.  falciparum  DNA  was  extracted 
from  each  clinical  sample  using  the  QIAamp  DNA  blood  minikit  blood 
and  body  fluid  spin  protocol  (Qiagen,  Valencia,  CA,  USA).  DNA  samples 
were  evaluated  for  P.  falciparum  multidrug  resistance  1  (pfmdrl )  gene 
copy  number  using  TaqMan  real-time  PCR  (26).  Relative  quantification 
was  used  to  determine  pfmdrl  copy  number  calculated  according  to  the 
formula  copy  number  =  as  pre¬ 

viously  described  (27).  Genomic  DNA  of  the  P.  falciparum  3D7  reference 
clone,  which  has  a  single  copy  of  the  pfmdrl  gene,  was  used  as  an  internal 
control  to  calibrate  the  results.  Samples  were  considered  to  have  an  am¬ 
plified  pfmdrl  gene  if  the  copy  number  was  >1.5.  DNA  samples  were  also 
genotyped  pfmdrl  codons  86,  184,  1034,  and  1042  for  single  nucleotide 
polymorphism  (SNP)  analysis  by  real-time  PCR  on  an  ABI  sequence  de¬ 
tector  7000  (Applied  Biosystems,  Warrington,  United  Kingdom),  as  pre¬ 
viously  described  (28).  Samples  were  also  probed  for  an  additional p/mdrJ 
SNP  (Y1246D)  using  a  PCR-restriction  fragment  length  polymorphism 
method  (29).  The  clinical  isolates  were  also  screened  for  the  K76T  point 
mutation  in  the  P.  falciparum  chloroquine  resistance  transporter  gene  1 
(pfcrtl )  using  real-time  PCR  (30).  In  addition,  haplotyping  to  detect  vari¬ 
ants  oipfcrtl  alleles  72  to  76  (wild-type  CVMNK  haplotype  and  two  chlo¬ 
roquine  resistance-associated  alleles  of  the  pfcrtl  gene,  CVIET  and 
SVMNT)  was  conducted  using  a  multiplex  real-time  PCR  method  (31). 

Statistical  analysis.  HRP-2  OD  values  were  plotted  against  drug  con¬ 
centrations,  and  the  inhibitory  concentrations  resulting  in  50%  growth 
inhibition  (IC50)  values  were  estimated  by  nonlinear  regression  analysis 
using  the  ICEstimator  program  version  1.2  (32).  Results  were  considered 
valid  if  curve  fitting  produced  a  sigmoidal  concentration-response  curve, 
with  the  calculated  IC50  having  a  ratio  of  the  higher  limit  of  the  95% 
confidential  interval  (Cl)  to  the  lower  limit  of  the  95%  Cl  of  <5.  Statistical 
analyses  were  conducted  using  GraphPad  Prism  version  4  (GraphPad 
Software,  Inc.,  La  Jolla,  CA,  USA).  Statistical  differences  of  IC50S  between 
groups  were  determined  by  the  nonparametric  Mann- Whitney  U  test. 
Spearman’s  rank  correlation  analyses  were  conducted  to  examine  test 
compound  drug  cross-susceptibility  patterns  in  clinical  isolates  and  the 
influence  of  pfmdrl  amplification  and  baseline  parasitemia  on  IC50  re¬ 
sults. 


RESULTS 

Ex  vivo  drug  susceptibilities  of  P.  falciparum  isolates  from 
Cambodia.  A  set  of  blinded  test  compounds  and  a  panel  of  stan¬ 
dard  antimalarials  were  evaluated  for  activity  in  the  HRP-2  ELISA 
in  a  total  of  238  patients  with  P.  falciparum  monoinfection.  Of 
these  cases,  IC50S  were  attained  from  best-lit  sigmoidal  concentra¬ 
tion-response  curves  for  each  test  compound  for  200  isolates 
(84%  assay  success)  from  provinces  of  northern  (n  =  154,  Oddar 
Meanchey  and  Preah  Vihear  Provinces)  and  western  («  =  46, 
Battambang  Province)  Cambodia  along  the  border  with  Thailand. 
Upon  study  completion  after  IC50  results  were  obtained,  the  test 
compounds  were  unblinded  as  endoperoxide  derivatives  of  two 
types:  (i)  the  fuUy  synthetic  ozonide  endoperoxides  OZ78  and 
OZ277  and  (ii)  the  semisynthetic  endoperoxides  artemisone,  artemi- 
side,  artesunate,  and  dihydroartemisinin  (Fig.  1).  The  results  suggest 
that  the  semisynthetic  artemisinin  derivatives  were  more  potent 
against  isolates  than  the  synthetic  ozonide  endoperoxides  (Table  1 
and  Fig.  2).  In  order  of  most  to  least  potent,  the  drugs  and  their 
geometric  mean  (GM)  IC50S  were  as  follows:  artemisone  (2.40  nM)  > 
artesunate  (8.49  nM)  >  dihydroartemisinin  (11.26  nM)  >  artemis- 
ide  (15.28  nM)  >  OZ277  (31.25  nM)  >  OZ78  (755.27  nM). 

These  fresh  isolates  were  also  evaluated  for  activity  against  a 
standard  panel  of  six  antimalarial  drugs,  i.e.,  dihydroartemisinin 
(DHA),  artesunate  (AS),  chloroquine  (CQ),  mefloquine  (MQ), 
quinine  (QN),  and  lumefantrine  (LUM),  to  characterize  the  drug 
susceptibility  profile  for  this  parasite  population.  The  antimalarial 
susceptibilities  of  these  isolates  were  compared  to  World  Health 
Organization  (WHO)  threshold  IC50S  established  for  in  vitro  drug 
sensitivity  assays  using  P.  falciparum  isolates  that  signify  an  asso¬ 
ciation  with  clinical  resistance:  MQ  (24  nM),  CQ  (85  nM),  and 
QN  (351  nM)  (33,  34).  The  majority  of  Cambodian  isolates  eval¬ 
uated  appeared  to  be  resistant  to  MQ  and  CQ,  with  GM  IC50S  of 
58.27  nM  and  147.8  nM,  respectively,  exceeding  the  WHQ  drug 
resistance  thresholds.  Given  the  lack  of  an  established  IC50  thresh¬ 
old  for  artemisinin  or  LUM  resistance,  the  relative  susceptibilities 
of  the  isolates  against  DHA,  AS,  and  LUM  were  compared  with 
IC50S  against  the  P.  falciparum  W2  clone,  which  is  of  Southeast 
Asian  origin  and  has  been  benchmarked  thoroughly  in  our  HRP-2 
assay  as  a  comparator  reference  line  resistant  to  CQ  but  sensitive 
to  MQ,  LUM,  and  artemisinins  (22).  The  isolates  appeared  to  have 
reduced  susceptibilities  to  DHA,  AS,  and  LUM,  as  demonstrated 
by  statistically  significant  higher  GM  ICjqS  versus  the  W2  clone 
results  produced  using  the  same  dried  drug  plates  (Table  1).  Each 
plate  with  blinded  test  compounds  included  DHA  as  an  internal 
control  for  dried  drug  plate  integrity  during  the  entire  field  study 
duration  by  evaluating  activity  against  the  P.  falciparum  W2  ref¬ 
erence  clone.  This  quality  control  check  did  not  reveal  any  test 
plate  integrity  concerns,  because  internal  control  DHA  yielded 
IC50  results  within  the  acceptable  standardized  range  for  the  W2 
clone  (0.8  to  7.7  nM)  on  all  test  plates  (Table  1). 

Comparative  susceptibilities  of  clinical  isolates  and  the  P. 
falciparum  W2  reference  clone  against  endoperoxides  and  stan¬ 
dard  drugs.  The  IC50S  attained  for  test  compounds  and  standard 
drugs  against  fresh  P.  falciparum  isolates  were  compared  to  IC50 
results  against  the  P.  falciparum  Wl  laboratory  clone  (Table  1). 
Nearly  every  test  compound  and  drug  evaluated,  with  the  excep¬ 
tion  of  02211 ,  CQ,  and  QN,  produced  statistically  significantly 
higher  IC50S  against  isolates  than  W2.  A  susceptibility  factor,  cal¬ 
culated  as  the  ratio  of  GM  IC50S  against  isolates  versus  the  W2 
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TABLE  1  Comparison  of  IC50  values  of  antimalarials  against  P.  falciparum  isolates  and  the  W2  reference  clone 


GM  IC50.  nM 

Test  plate  compounds 

Isolates  (range)'* 

W2  (95%  Cl)*’ 

IC50  ratio 

P  value*^ 

Blinded  test  compounds 

Artemisone 

2.4  (0.02-117.7) 

1.9  (1.5-2.4) 

1.3 

0.004 

DHA  internal  control 

8.0  (1.5-38.1) 

5.0  (4.2-5.9) 

1.6 

<0.001 

AS 

8.5  (0.5-52.7) 

6.4  (5.0-8. 1) 

1.3 

0.019 

DHA 

11.2  (0.04-109.4) 

5.2  (3.8-7. 1) 

2.2 

<0.001 

Artemiside 

15.3  (0.8-458.7) 

11.2  (8.7-14.3) 

1.4 

0.022 

OZ277 

31.3  (0.02-320.7) 

38.5  (30.2-49.1) 

0.8 

0.726 

OZ78 

755.7  (65.7-7,854) 

406.7  (319.8-517.2) 

1.9 

0.003 

Standard  drug  panel 

AS 

5.8  (0.6-24.6) 

4.7  (4.4-5. 1) 

1.2 

<0.001 

LUM 

7.4  (0.4-40.1) 

6.0  (4.9-7.3) 

1.2 

0.002 

DHA 

9.0  (0.8-30.2) 

4.5  (4.1-4.9) 

2.0 

<0.001 

MQ 

58.3  (0.7-205.5) 

20.6  (18.2-23.2) 

2.8 

<0.001 

QN 

146.1  (2.2-439.2) 

149.0  (135.9-163.4) 

1.0 

0.878 

CQ 

147.8  (4.7-786.0) 

258.2  (237.7-280.5) 

0.6 

<0.001 

GM  IC50S  were  determined  for  a  total  of  200  isolates. 

^  GM  IC50S  against  W2  in  the  blinded  test  compound  panel  were  determined  from  n  =  51,  52,  52, 48,  52,  51,  and  48  independent  experiments  for  artemisone,  DHA  internal 
control,  AS,  artemiside,  07X11 ,  and  OZ78,  respectively.  GM  IC50S  in  the  standard  drug  panel  against  W2  were  determined  from  123  independent  experiments. 

P  values  (Mann-Whitney  U  test)  in  bold  indicate  a  significant  difference  between  IC50S  for  each  evaluated  antimalarial  against  isolates  and  W2. 


reference  clone,  was  determined  for  each  compound  to  evaluate 
the  relative  potential  for  reduced  susceptibility  against  clinical  iso¬ 
lates.  Of  aU  the  compounds  tested,  MQ  had  the  greatest  IC50  ratio, 
2.8,  for  activity  against  isolates  versus  W2,  suggesting  that  the 
isolates  were  nearly  3  times  less  susceptible  to  MQ  than  the  MQ- 
sensitive  W2  clone.  The  isolates  appeared  to  have  similar  CQ  and 
QN  GM  IC50S,  with  slightly  higher  susceptibility  to  CQ  but  com¬ 
parable  sensitivity  to  QN  compared  to  the  CQ-resistant  W2  clone. 
Susceptibility  ratios  were  near  1.0  for  artemisone,  artemiside,  AS, 
and  OZ277,  suggesting  that  the  isolates  and  the  artemisinin-sen¬ 


sitive  W2  clone  had  comparable  susceptibilities  to  each  of  these 
artemisinin  derivatives.  The  isolates  appeared  to  be  approximately 
two  times  less  susceptible  to  DHA  and  QZ78  than  W2. 

Cross-susceptibility  profiling  of  endoperoxides  against  clin¬ 
ical  isolates.  Spearman  correlation  analysis  was  used  to  evaluate 
drug  cross-susceptibility  patterns  of  the  endoperoxide  test  com¬ 
pounds  (Table  2).  The  activity  of  OZ78  was  most  strongly  correlated 
with  artemiside  and  AS,  whereas  a  significant  negative  correlation  in 
activity  was  noted  for  CQ.  Relatively  strong  correlations  in  activity 
seemed  to  exist  between  OZ277  and  artemisone,  AS,  and  DHA.  Ar- 


Endoperoxides  Partner  drugs 


FIG  2  Associations  between  IC50S  and  pfmdrl  amplification  in  P.  falciparum  clinical  isolates.  Ex  vivo  drug  susceptibility  (GM  ICjoS)  for  blinded  endoperoxides 
and  standard  partner  drugs  against  isolates  (solid  bars)  with  single  (1  copy)  and  multiple  (>1.5  copies)  pfmdrl  copies  were  compared  using  the  Mann-Whitney 
U  test,  with  significant  P  values  presented.  Dashed  lines  indicate  GM  ICjoS  against  the  P.  falciparum  W2  clone.  The  solid  line  across  the  MQ,  QN,  and  CQ  results 
represents  WHO  drug  resistance  threshold  values  associated  with  clinical  resistance  to  these  drugs. 
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TABLE  2  Correlation  coefficients  for  antimalarial  susceptibilities 
against  P.  falciparum  clinical  isolates" 


Correlation 

Coefficient 

P  value 

OZ78  with: 

Parasitemia 

-0.065 

0.365 

OZ277 

0.077 

0.276 

Artemisone 

-0.010 

0.891 

Artemiside 

0.257 

0.0002 

Artesunate 

0.341 

<0.0001 

DHA 

0.191 

0.007 

DHA  internal  control 

0.160 

0.023 

Drug  panel 

DHA 

0.036 

0.613 

Artesunate 

0.126 

0.076 

Mefloquine 

0.114 

0.109 

Quinine 

-0.012 

0.862 

Chloroquine 

-0.270 

0.0001 

Lumefan  trine 

0.109 

0.124 

OZ277  with: 

Parasitemia 

0.217 

0.002 

Artemisone 

0.566 

<0.0001 

Artemiside 

0.072 

0.309 

Artesunate 

0.110 

0.120 

DHA 

0.202 

0.004 

DHA  internal  control 

0.253 

0.0003 

Drug  panel 

DHA 

0.305 

<0.0001 

Artesunate 

0.320 

<0.0001 

Mefloquine 

0.172 

0.015 

Quinine 

0.183 

0.009 

Chloroquine 

-0.038 

0.592 

Lumefan  trine 

0.215 

0.002 

Artemisone  with: 

Parasitemia 

0.284 

<0.0001 

Artemiside 

0.180 

0.011 

Artesunate 

0.324 

<0.0001 

DHA 

0.324 

<0.0001 

DHA  internal  control 

0.443 

<0.0001 

Drug  panel 

0.475 

<0.0001 

DHA 

Artesunate 

0.508 

<0.0001 

Mefloquine 

0.179 

0.011 

Quinine 

0.157 

0.027 

Chloroquine 

-0.061 

0.389 

Lumefantrine 

0.142 

0.044 

Artemiside  with: 

Parasitemia 

0.2392 

0.0007 

Artesunate 

0.4200 

<0.0001 

DHA 

0.3612 

<0.0001 

DHA  internal  control 

0.4685 

<0.0001 

Drug  panel 

DHA 

0.320 

<0.0001 

Artesunate 

0.425 

<0.0001 

Mefloquine 

0.086 

0.226 

Quinine 

0.035 

0.626 

Chloroquine 

0.042 

0.553 

Lumefantrine 

0.069 

0.335 

pfmdrl  copy  no.  with: 

OZ78 

0.238 

0.001 

OZ277 

0.265 

0.0003 

TABLE  2  (Continued) 


Correlation 

Coefficient 

P  value 

Artemisone 

0.202 

0.006 

Artemiside 

-0.018 

0.806 

Artesunate 

0.133 

0.073 

DHA 

0.127 

0.088 

DHA  internal  control 

0.136 

0.067 

Drug  panel 

DHA 

0.186 

0.012 

Artesunate 

0.241 

0.001 

Mefloquine 

0.413 

<0.0001 

Quinine 

0.108 

0.145 

Chloroquine 

-0.083 

0.263 

Lumefantrine 

0.373 

<0.0001 

Spearman  rank  correlation  was  used  to  determine  correlation  coefficients  and  P 
values,  with  significant  correlations  indicated  in  bold. 


temisone  and  artemiside  activities  against  isolates  correlated  signifi¬ 
cantly  with  each  other  and  also  with  those  of  AS  and  DHA.  The  ac¬ 
tivities  of  MQ,  QN,  and  LUM  against  isolates  appeared  to  be  weakly 
correlated  with  07277  and  artemisone  activities. 

Correlation  analysis  of  baseline  parasitemia  as  influencing 
IC50  results  against  isolates.  The  potential  effect  of  baseline  per¬ 
cent  parasitemia  of  isolates  added  to  the  dried  drug  plates  on  IC50S 
for  all  test  compounds  and  standard  drugs  evaluated  in  the  HRP-2 
ELISA  was  examined  using  Spearman  correlation  analysis  (Table 
2).  The  range  of  baseline  parasitemia  added  to  the  dried  drug- 
coated  plates  was  0.001  to  2.2%,  with  a  GM  value  of  0.19%  para¬ 
sitemia.  The  results  of  Spearman  correlation  analysis  suggest  that 
baseline  parasitemia  was  weakly  positively  correlated  with  IC50 
results  for  OZ277,  artemisone,  artemiside,  artesunate,  and  DHA 
in  the  HRP-2  ELISA  testing  of  fresh  isolates  (Table  2).  No  signif¬ 
icant  correlations  were  found  between  baseline  parasitemia  and 
IC50S  for  MQ,  QN,  or  CQ  (data  not  shown),  whereas  a  significant 
negative  correlation  was  determined  for  LUM  testing  of  isolates 
(r=  —  0.2036;  P=  0.0039).  However,  the  relatively  low  Spearman 
coefficient  values  attained  in  this  analysis  suggest  that  baseline 
parasitemia  of  clinical  isolates  in  the  HRP-2  assay  was  a  potential 
weak  confounder  of  IC50  results  for  all  drugs  tested. 

Molecular  characterization  of  P.  falciparum  clinical  isolates. 
The  isolates  were  investigated  for  pfmdrl  gene  amplification  and 
SNPs  as  general  molecular  markers  of  multidrug  resistance.  A  GM 
of  1.26  pfmdrl  copies  was  attained  from  a  total  of  182  samples 
successfully  evaluated  for  copy  number.  The  majority  of  isolates 
had  a  single  pfmdrl  copy  (64.8%),  whereas  the  remainder  had  2 
(25.8%),  3  (7.1%),  and  4  (2.2%)  copies.  The  results  of  pfmdrl  SNP 
analysis  for  5  different  mutations,  N86Y,  Y184F,  S1034C, 
N1042D,  and  Y1246D,  revealed  that  84.5%  of  samples  («  =  192) 
contained  the  Y184F  mutation,  whereas  mutations  were  not  de¬ 
tected  at  the  other  pfmdrl  positions  evaluated. 

Isolates  were  also  analyzed  for  pfcrtl  mutations  associated  with 
clinical  resistance  to  CQ.  All  samples  (n  =  197  isolates  with  suc¬ 
cessful  results)  had  the  K76T  point  mutation  and  were  of  the 
CVIET  pfcrtl  mutant  haplotype,  strongly  suggesting  fixation  of 
CQ  resistance  in  this  population. 

Correlation  analysis  of  endoperoxide  activity  against  iso¬ 
lates  and  pfmdrl  amplification.  The  P.  falciparum  isolates  were 
also  evaluated  for  associations  between  pfmdrl  copies  (single  ver¬ 
sus  multiple)  and  GM  IC50S  for  each  of  the  tested  endoperoxides 
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and  standard  antimalarials  (Fig.  2).  Isolates  with  multiple  p/mdri 
copies  had  significantly  higher  IC50S  against  OZ78,  OZ277,  MQ, 
and  LUM.  In  contrast,  no  significant  differences  in  ICjqS  between 
isolates  with  single  and  multiple  pfmdrl  copy  numbers  were  ob¬ 
served  for  the  other  test  compounds.  Spearman  rank  correlation 
analysis  suggests  weak  correlation  between  absolute  pfmdrl  copy 
number  and  GM  IC50S  for  OZ78,  07277,  and  artemisone  (Table 
2)  and  slightly  stronger  associations  for  MQ  and  LUM  (r  =  0.413 
[P  <  0.0001]  and  r  =  0.373  [P  <  0.0001],  respectively).  The  pres¬ 
ence  of  the  pfmdrl  184F  mutation  in  isolates  was  not  correlated 
with  activities  for  any  of  the  evaluated  endoperoxides  or  standard 
drugs  (results  not  shown). 

Activity  of  compounds  in  a  case  of  artesunate  monotherapy 
treatment  failure.  The  isolate  samples  in  this  study  included  one 
case  of  artesunate  monotherapy  treatment  failure.  This  patient 
recrudesced  on  study  day  35  after  oral  administration  of  2  mg/kg 
AS  for  7  consecutive  days,  the  lowest  dose  evaluated  in  our  previ¬ 
ous  trial  (23).  In  this  case  of  artesunate  treatment  failure,  DHA 
and  AS  IC50S  on  day  zero  (prior  to  AS  administration)  and  the  day 
of  recrudescence,  respectively,  were  as  follows:  blinded  DHA, 
109.4  and  36  nM;  blinded  AS,  28  and  6.35  nM;  DHA  internal 
control,  36.9  and  12.8  nM;  DHA  in  standard  drug  panel,  27  and  27 
nM;  and  AS  in  standard  drug  panel,  20.6  and  24.6  nM.  These 
results  suggest  that  this  patient  was  infected  with  artemisinin- 
resistant  parasites,  since  DHA  and  AS  IC50S  at  day  zero  and  on  the 
day  of  treatment  failure  were  elevated  relative  to  GM  IC50S  deter¬ 
mined  for  the  isolates  in  total  and  for  the  P.  falciparum  W2  clone 
(Table  1).  In  addition,  the  IC50  results  for  DHA  and  AS  in  this 
artesunate  treatment  failure  were  among  the  highest  values  ob¬ 
served  for  these  drugs  for  all  200  isolates  included  in  this  study.  In 
particular,  GM  ICjqS  (interquartile  ranges)  for  DHA  and  AS  in  the 
standard  drug  panel  for  all  isolates  were  9.0  (6.5  to  13.4)  and  5.8 
(4.0  to  8.4)  nM,  respectively,  an  order  of  magnitude  lower  than 
those  observed  in  the  AS  failure  case.  When  comparing  results  in 
this  AS  treatment  failure  case  at  time  zero  with  the  day  of  recru¬ 
descence,  IC50S  increased  for  OZ78  (137.7  to  4202  nM),  artemi¬ 
sone  (4.63  to  30.81  nM),  artemiside  (50.42  to  120.1  nM),  MQ 
(56.61  to  138.82  nM),  QN  (354.8  to  388.1  nM),  CQ  (292.2  to  380.7 
nM),  and  LUM  (14.1  to  40  nM).  In  contrast,  the  IC50  ofOZ277  on 
day  0  (175.3  nM)  did  not  increase  on  the  day  of  recrudescence 
(133.2  nM).  The  time  zero  sample  had  a  single  pfmdrl  copy  num¬ 
ber  and  was  positive  for  ihe  pfmdrl  184F  mutation.  The  recurrent 
sample  also  contained  the  184F  mutation,  but  no  comparative 
pfmdrl  copy  number  results  are  available. 

DISCUSSION 

This  study  is  the  first  reported  investigation  into  the  ex  vivo  activ¬ 
ity  of  novel  synthetic  endoperoxide  antimalarials  against  clinical 
isolates  at  the  Cambodia-Thailand  border  region,  where  artemis¬ 
inin  resistance  first  emerged  and  continues  to  pose  a  global  public 
health  crisis  in  treating  and  eliminating  malaria.  The  isolates  used 
in  this  study  were  collected  within  3  years  after  initial  discoveries 
of  artemisinin  resistance  in  clinical  studies  of  artesunate  mono¬ 
therapy  (5, 6, 35),  with  a  portion  of  the  isolates  derived  from  an  AS 
monotherapy  trial  conducted  in  2009  at  the  Tasanh  Health  Center 
in  Battambang  Province  (23)  and  the  remaining  isolates  obtained 
in  2009  and  2010  during  a  malaria  drug  resistance  surveillance 
study  performed  in  northern  (Qddar  Meanchey  and  Preah  Vihear 
Provinces)  and  western  (Battambang  Province)  Cambodia  (21). 
The  ex  vivo  susceptibility  results  suggest  that  these  isolates  had 


reduced  sensitivity  to  DHA  and  AS,  as  demonstrated  by  signifi¬ 
cantly  higher  GM  IC50S  against  isolates  relative  to  the  artemisinin- 
sensitive  P.  falciparum  W2  clone.  Included  in  this  investigation 
were  two  endoperoxide  antimalarials,  artemisone  and  07177 ,  un¬ 
dergoing  clinical  development.  Qf  all  the  evaluated  endoperox¬ 
ides,  including  AS  and  DHA,  the  most  potent  compound  against 
isolates  (GM  IC50  of  2.4  nM)  was  artemisone,  a  semisynthetic 
endoperoxide  with  encouraging  phase  Ila  clinical  trial  results  in¬ 
dicative  of  safety  and  pharmacological  profiles  attractive  as  a  com¬ 
ponent  of  a  new  ACT  to  treat  P.  falciparum  malaria  (18).  Also 
included  in  the  test  panel  was  the  fully  synthetic  1,2,4-trioxolane 
OZ277,  a  drug  known  as  arterolane  maleate  (RBx  11160)  (19, 
36-38),  that  is  currently  employed  in  India  as  an  ACT  in  combi¬ 
nation  with  piperaquine  (39).  A  next-generation  ozonide,  OZ439, 
has  a  more  desirable  pharmacokinetic  profile  with  slower  elimi¬ 
nation  (20)  and  is  undergoing  clinical  development  as  a  candidate 
component  of  a  new  ACT  for  use  in  malarious  areas,  including  the 
Greater  Mekong  subregion.  None  of  the  evaluated  test  endoper¬ 
oxides  (artemisone,  artemiside,  OZ277,  and  OZ78)  or  AS  had  GM 
IC50S  against  isolates  that  differed  more  than  2-fold  from  results 
attained  against  W2,  while  the  comparator  blinded  DHA  showed 
a  2.2-fold  difference  in  activity,  suggesting  that  the  test  endoper¬ 
oxides  performed  at  a  level  comparable  to  that  of  AS  in  a  popula¬ 
tion  of  isolates  with  reduced  artemisinin  susceptibility. 

We  have  proven  the  utility  of  using  the  HRP-2  ex  vivo  drug 
susceptibility  assay  in  conducting  drug  resistance  surveillance  and 
correlating  elevated  IC50S  for  artemisinins  with  artesunate  mono¬ 
therapy  failures  and  prolonged  parasite  clearance  time.  We  re¬ 
cently  demonstrated  that  the  HRP-2  ELISA  is  more  sensitive  than 
the  malaria  SYBR  green  I  fluorescence  assay  in  evaluating  the  ac¬ 
tivity  of  antimalarials  against  fresh  P.  falciparum  clinical  samples 
of  relatively  low  parasitemia  (<0.2%),  as  typically  encountered  in 
patients  from  Cambodia  and  Thailand,  where  malaria  transmis¬ 
sion  rates  are  relatively  low  (24).  Using  the  HRP-2  screen  in  our 
drug  resistance  surveillance  efforts,  we  found  that  clinical  isolates 
collected  from  western  Cambodia  during  2006  to  2010  showed  a 
progressive  decline  in  susceptibilities  to  all  tested  drugs,  including 
the  artemisinins  (21).  In  the  present  investigation,  DHA  and  AS 
IC50S  in  a  case  of  AS  monotherapy  failure  were  among  the  highest 
observed  values  for  these  drugs  against  all  isolates  included  in  the 
study  and  were  elevated  relative  to  GM  ICjqS  against  the  artemis¬ 
inin-susceptible  W2  clone.  Moreover,  we  previously  reported  el¬ 
evated  DHA  IC50S  ( 14.2  nM)  on  day  0  (pretreatment)  in  two  cases 
in  western  Cambodia  of  AS  monotherapy  failure  in  patients  with 
prolonged  parasite  clearance  times  (PCTs)  of  95  and  133  h,  com¬ 
pared  to  cured  cases  with  a  lower  GM  DHA  IC50  of  3.5  nM  and  a 
shorter  median  PCT  of  52.2  h  (6).  These  two  failed  patients  had 
DHA  IC50S  that  were  nearly  10  times  greater  than  those  attained 
against  W2.  In  another  AS  monotherapy  trial  in  Cambodia,  we 
found  significantly  higher  median  DHA  IC50S  for  patients  remain¬ 
ing  parasite  positive  at  72  h  (9.60  nM)  than  the  median  IC50  of  6.26 
nM  for  patients  clearing  parasites  within  72  h  (23).  We  also  re¬ 
ported  previously  that  patients  from  Cambodia  administered  AS 
monotherapy  with  a  100%  PCT  of  >72  h  had  a  DHA  median  IC50 
(9.6  nM)  that  was  significantly  greater  than  that  observed  in  pa¬ 
tients  with  a  100%  PCT  of  S72  h  (6.3  nM),  while  a  median  DHA 
IC50  of  3.9  nM  was  found  for  the  W2  clone  (22).  Taken  together, 
these  findings  suggest  that  elevated  IC50S,  relative  to  those  for  the 
W2  control  clone,  attained  in  the  HRP-2  assay  can  serve  as  indi¬ 
cators  of  artemisinin-resistant  isolates. 
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The  results  of  our  investigation  also  provide  insight  into  the 
potential  for  endoperoxide  antimalarials  to  show  cross-resistance 
to  MQ  and  other  drugs  susceptible  to  p/mdrJ -mediated  mecha¬ 
nisms  of  resistance,  pfmdrl  amplification  is  a  well-established  mo¬ 
lecular  marker  to  detect  and  track  MQ  resistance  and  is  associated 
with  MQ  treatment  failure  (14,  40),  and  in  our  study  population, 
approximately  35%  of  the  isolates  had  multiple  pfmdrl  copies. 
The  isolates  had  a  relatively  high  prevalence  (84.5%)  ofthe  pfmdrl 
Y184F  mutation,  which  appears  to  be  selected  for  and  spread  by 
MQ  drug  pressure  in  western  Cambodia  (41)  and  has  been  re¬ 
ported  to  be  associated  with  decreased  susceptibility  to  AS,  MQ, 
QN,  and  CQ  in  other  recent  drug  resistance  surveillance  work 
conducted  in  Cambodia  (42,  43).  Qur  results  suggest  significant 
correlations  in  ex  vivo  activity  against  isolates  between  MQ  and 
some  evaluated  endoperoxides  (OZ277  and  artemisone)  as  well  as 
AS  and  DHA  (data  not  shown).  Moreover,  isolates  with  multiple 
pfmdrl  copies  had  significantly  reduced  susceptibility  to  MQ, 
LUM,  and  the  ozonide  endoperoxides  relative  to  single-copy  isolates. 
Qur  findings  are  consistent  with  another  recent  ex  vivo  susceptibility 
study,  which  also  documents  an  association  between  pfmdrl  ampli¬ 
fication  and  elevated  CM  IC50S  for  MQ,  AS,  and  DHA  in  isolates  from 
western  and  northern  Cambodia  (44).  Although  our  Spearman  cor¬ 
relation  analysis  suggests  a  weaker  correlation  between  pfmdrl  copy 
number  and  GM  ICjqS  for  the  endoperoxides  (AS,  DHA,  02211, 
QZ78,  and  artemisone)  than  for  the  partner  drugs  MQ  and  LUM, 
further  investigation  is  warranted  to  investigate  potential  involve¬ 
ment  of  pfmdrl  amplification  in  the  development  of  resistance  to  en¬ 
doperoxide  antimalarials,  especially  given  the  extensive  use  of 
AS-MQ  as  first-line  ACT  in  Thailand  and  Cambodia  (4). 

While  pfmdrl  amplification  is  a  hallmark  of  clinical  resistance 
to  MQ,  the  role  of  pfmdrl  mutations  in  selecting  for  artemisinin 
resistance  is  less  understood.  Extensive  in  vitro  evidence  suggests  a 
role  for  pfmdrl  amplification  in  artemisinin  resistance,  such  as 
indicated  by  a  genetically  modified  P.  falciparum  clone  expressing 
low  levels  of  PFMDRl  being  2-fold  more  susceptible  to  artemis- 
inins  (45)  and  artemisinin  pressure  in  vitro  resulting  in  pfmdrl 
amplification  in  laboratory  strains  (16,  17).  However,  consistent 
evidence  suggesting  a  role  for  pfmdrl  amplification  in  conferring 
clinical  resistance  to  the  artemisinins  is  less  clear  than  what  is 
observed  in  vitro.  We  previously  developed  a  linear  regression 
model  correlating  the  in  vivo  therapeutic  response  (fever  and  par¬ 
asite  clearance  time)  observed  with  artemisinin  derivatives  ad¬ 
ministered  to  Thai  patients  and  in  vitro  sensitivity  data,  suggesting 
that  in  vitro  cross-susceptibility  of  P.  falciparum  against  MQ  and 
artemisinins  appears  to  have  clinical  relevance  (46).  We  reasoned 
that  this  finding  could  be  linked  to  a  pfmdrl -driven  mechanism  of 
resistance,  since  the  artemisinins  did  not  show  in  vitro  cross-sen¬ 
sitivity  with  CQ,  a  drug  associated  with  a  pfmdrl  deamplification 
resistance  mechanism  (47).  This  notion  is  further  supported  by 
our  present  study,  in  which  the  evaluated  endoperoxides  did  not 
show  cross-susceptibility  with  CQ  but  instead  showed  negative 
correlations  between  ex  vivo  activity  for  CQ  and  endoperoxides  in 
isolates  all  shown  to  have  molecular  markers  of  CQ  resistance. 
Moreover,  our  data  suggest  that  isolates  with  multiple  pfmdrl 
copies  are  more  susceptible  to  CQ,  with  a  negative  correlation 
found  between  CQ  activity  and  pfmdrl  copy  number,  further  sug¬ 
gesting  a  linkage  between  pfmdrl  amplification  and  enhanced  CQ 
sensitivity.  Although  in  vitro  evidence  is  suggestive  of  pfmdrl  play¬ 
ing  a  role  in  conferring  artemisinin  resistance,  studies  aimed  at 
correlating  pfmdrl  molecular  markers  of  resistance  with  artemis¬ 


inin  treatment  outcomes  in  Cambodian  and  Thai  patients  admin¬ 
istered  AS  monotherapy  or  AS-MQ  did  not  reveal  significant 
associations  between  delayed  parasite  clearance  time  and  occur¬ 
rence  of  pfmdrl  amplification  or  SNPs  (35,  48).  Recently,  ge¬ 
nome-wide  association  studies  revealed  PF3D7_1343700  kelch 
propeller  domain  (K13-propeller)  mutant  alleles  that  appear  to  be 
associated  with  prolonged  in  vivo  parasite  clearance  half-lives  in 
Cambodian  patients  treated  with  ACTs  (49).  Given  that  parasite 
populations  are  exposed  extensively  to  artemisinins  and  partner 
drugs  such  as  MQ  in  regions  where  malaria  is  endemic,  further 
studies  should  examine  the  potential  interplay  between  mutations 
in  pfmdrl  and  K13-propeller  alleles  to  understand  the  complex 
mechanisms  of  resistance  emergence  and  also  to  further  define 
haplotypes  associated  with  endoperoxide  antimalarial  resistance. 

The  results  reported  here  for  activities  of  the  endoperoxide 
derivatives  against  Cambodian  isolates  can  be  compared  with 
findings  from  previous  studies  in  isolates  from  other  countries 
where  malaria  is  endemic.  However,  none  of  these  other  investi¬ 
gations  evaluated  the  endoperoxides  against  artemisinin- resistant 
isolates,  as  we  report,  in  Cambodia.  For  example,  in  an  earlier 
study  (50),  OZ277  was  reported  to  be  active  in  the  [^H]hypoxan- 
thine  incorporation  assay  against  P.  falciparum  isolates  from  Tan¬ 
zania  and  Colombia  collected  in  2004  and  2005  that  were  shown  to 
be  CQ  resistant  but  susceptible  to  AS  and  MQ.  In  a  more  recent 
study,  QZ277  and  other  endoperoxides  were  evaluated  for  ex  vivo 
activity  against  isolates  from  Papua  Indonesia  (51).  Although  this 
investigation  used  the  microscopy-based  WHO  schizont  matura¬ 
tion  assay,  trends  in  IC50S  (OZ277  >  artemiside  >  artemisone) 
similar  to  those  we  found  using  the  HRP-2  ELISA  against  isolates 
from  Cambodia  were  observed.  Comparable  to  our  study,  Mar- 
furt  et  al.  (51)  used  P.  falciparum  reference  clones,  including  the 
Thai  origin  K1  clone,  which  has  an  artemisinin-sensitive  and  chlo- 
roquine-resistant  profile  like  that  of  the  W2  clone,  as  a  quality 
control  for  dried  drug  plate  integrity  in  field  conditions  and  also 
for  interpreting  results  from  isolates.  The  IC50  results  for  OZ277, 
artemisone,  and  artemiside  reported  against  K1  (20,  2.0,  and  4.3 
nM,  respectively)  are  similar  to  our  findings  against  W2  (38.5, 1.9, 
and  1 1.2  nM,  respectively).  However,  the  Papua  Indonesia  isolates 
had  lower  median  IC50S  against  DHA  and  AS  than  the  tested  P. 
falciparum  reference  clones,  suggesting  that  parasites  from  this 
region  are  not  artemisinin  resistant  like  the  Cambodian  isolates 
evaluated  in  our  study. 

In  addition  to  traditional  IC50  drug  susceptibility  assays,  since 
the  time  of  conducting  our  study,  a  new  phenotypic  microscopy- 
based  assay  referred  to  as  the  ring-stage  survival  assay  (RSA)  was 
developed  to  further  identify  infections  with  reduced  susceptibil¬ 
ity  to  the  artemisinins  (52,  53).  Through  the  RSA,  the  survival  rate 
of  isolates  is  determined  by  comparing  growth  rates  in  the  pres¬ 
ence  of  a  pharmacologically  relevant  DHA  exposure  (700  nM  for  6 
h)  relative  to  those  of  the  same  isolates  grown  in  parallel  in  the 
absence  of  drug.  Ex  vivo  RSA  survival  rates  were  reported  to  be 
significantly  correlated  with  in  vivo  parasite  clearance  half-lives 
from  30  falciparum  malaria  patients  from  Cambodia  treated  with 
DHA-piperaquine,  suggesting  that  RSA  results  can  be  useful  in 
detecting  clinical  cases  of  ACT  failure  associated  with  artemisinin 
resistance  (53).  Use  of  the  RSA  in  conjunction  with  standard  IC50 
drug  susceptibility  assays,  such  as  the  HRP-2  ELISA,  to  investigate 
sensitivity  against  artemisinins  and  ACT  partner  drugs  can  prove 
useful  in  determining  whether  ACT  clinical  failure  resulted  from 
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an  infection  with  parasites  resistant  to  artemisinins,  the  partner 
drug,  or  both  components. 

In  summary,  the  results  of  this  investigation,  using  the  W2 
clone  as  an  artemisinin-sensitive  comparator,  provide  evidence 
that  next-generation  synthetic  endoperoxide  antimalarials  show 
activity  comparable  to  that  of  artesunate  against  isolates  with  re¬ 
duced  artemisinin  sensitivity  from  western  and  northern  Cambo¬ 
dia.  Ex  vivo  activity,  however,  is  only  one  of  many  attributes  im¬ 
portant  to  selecting  the  most  promising  drug  candidates  to 
advance  for  further  development.  Clinical  investigations  evaluat¬ 
ing  the  efficacy  of  new  ACTs  should  apply  a  thorough  approach  of 
evaluating  the  interplay  among  ex  vivo  drug  susceptibility,  molec¬ 
ular  markers  of  resistance,  parasite  clearance  half-life,  pharmaco¬ 
kinetics,  and  safety  to  help  guide  drug  treatment  policy  and  new 
ACT  development  decisions  to  combat  multidrug- resistant  ma¬ 
laria. 
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